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MU'UOI'IUK'KSSOH CONTUOI. OK A WIND Tl’IUUNK (5KNKKA TOH 


by Arthur J. tlnocco aiui tJar>’ T. Whiti>lu*:ul 

N;\SA - 18 Ui'soart'h (\>nli*r 
Cli'vi'laml, Oluo 

ADSTHAOT 

ThlH pa|H>r (IohitUk'n a mioroprocosHor l)aHi>d systfm usod to conlnil tho un- 
atti'iuK'd o|H'ratIon of a wind turbiiu' Konoralor. Tlu* turbine and its inier»K*ompuler 
system are fully desenln'd with spet'ial emphasis on the wide variety of tasks per- 
formed by the micropmeessor for the sale and effieii*nt ojK*ration of the turbine. 
The flexibility, eost ami reliability ol the mieropmeessor were major faetors in its 
seleetion. 


INTltODKO riON 

As the Knited States starts tt> reexamine the feasibility of extraetinn jx>wer from 
the wind, it is liHind tliat this aneient art ean iK'nefit fmin the newest of teehnoloj^es, 
thi> mieropixieessor. This paper deseriU's a 100-kilowatt wind turbine generator 
desij;:ned by the National Aeronaiities aiul Spaee Administration (NASA) lanvis Ho- 
seareh Center for the Department of Kner^o (IK>K). This wind turbine is located at 
tile NAS.A Plum Drook Station in Sandusky, e>hio, and it is the pmtotype for four new 
200-kW wind turbines to In* o|vrateii by Ptilities in the United States. 

The first two ol these are eurrently in place and operatinjj in Clayton, N. M. , and 
on Culebra Island, Pin'rto Uieo. The other two machines will lx> installed on Dloek 
Island, It. I. , and on the island of Oliau in Hawaii. 

DKSCltlPTION 
a. Cicneral 

The I’lum Ditiok wind turbine is shown on fiitture 1. The turbine operates as a 
iknvnwiiui machine, i.e. the wiiul passes (hrounJi the tower before reaching the 
blades. Tliis arnmnement causes tlie blades to ilefleet away from the tower thereby 
reducing the amount of nacelle overhar.ij nujuired to prevent the blades from strikinjj 
the tower. Tlie turbine blades are 125 in diameter, operate at 10 ipm and proiluce 
100 k\V of electrical power in ap IS mph wind. A I5; 1 pear train increases the rotor 


« to ISOO j-jim. till* t'lH'iatlnK of tiu* Hym hronouM altoiiKitor. Wlu'n Iho 

Wi»»l lurlntu’ iH wp to t jv rating Hp«-t*«l. Hh allornator 1 m hyiu’hn>nl/i'it ami ronnoolml 
to tin' Ohu» KtliMtin tiiMtnlHitlttn Myslom. TIu* p«wor >^Mu*ratml by tIu* wtml tiii'biiu' 
Muppti’inont s tl IM 1 omuhitcmI jv»\\«'r MyMtom. 

Tho 2«i0 k\V wiml tuibinoM an* tin* samo p'lysti'al mI/i* an the I’luni ltnx»k ma- 
I’biiu Inu l»avi» lai ^(<r altoniati’rM raitablo «»l priMbu'mn L’tM) k\V In a l!2. T* in|»h wtiul. 

I*. Vaw tA/iimilhl I’ont rol 

A si'parato >.ov *onfn>l MVMti'in imlopomlonl of flu* inlfroproi'i'Msor, k»'ops tho 
tnu'o’b' po*nStM|; mti' tin* wiml. At Imv wiml \i*l»v'iti«'M wiml «lin'i'tii»n Is t xlromoly 
xariabti «o no .ittoinpi is ma«lo to ha\«' tin* na« »'IIo tr.u’k flu* wiml ln*low (» inpli, 

Tiu* vau I'ontmlU*! Im b.isioally an an.iU*n volfam* t oinparatt>i . Tiu* comparator 
«li*t»*v'lM tiu* ilillcroiu-«* lu'lwoon tiu* ai tiuil na»'«*llo ilivortlt'o ami tiu* actual wiml ill- 
rcclton ami »li ivcs tiu* nacclb* yaw motors so as to makt* tins «liirt*ri*ncc zero. There 
IS a il«*ail baml ol l-.V’ ami the wind diiection signal is tlltei*i*d so that the system 
wilt not react to wind irists. The yaw im’tors are eapable of tlrivlnn the naeelle 
throui>|i :tr>o‘’ in (* immit»*s. The ein’iiitn is «lesii;iu*d so that the naeelle always takes 
the slioi1t*st p.ith wlu'ii alii^mni; itself with the wind. 

<*. lU.ide rifeh .Vnuh* i'onfrol 

Tiu amount ol power e\trai*led finm the wind is r»*inilat»*il by van iniJ tiu* blade 

р. tch anijle. The system for posltioninn the blailes Is shown in fli^ure 2. 

Tiu* 101111*0111*1* Can Ih* iip»*r.ded in any om* ol three inodt*s. Tiu* c«*ntiMller nnuU* 
is s«*le«*ti'd by the miero|.ro«'essor. 

In the I’liSlTION moiU*. the pdi'li contndb*r fiiiu'tions as .i eli>s»*il hnip position 

с. 'iif nd system liriMiii; tiu* tuft h .iii(;l«* until it vox it*sponds to llu* position i*ommand 
(|X>S(’Mlh st'f |>oint i:em*rat«*d m llu* mieropiMcesstir. 

In the Al’TOMA l’U' HI’M mod**, die pitch c»inlndler acts as a eloseil hn>p s|u*e*l 
eoni ml syst«'iii. adjusting llu* pd< h aiinle until llu* rotational spet*il ot the blade eor- 
responds to the spceil i*onimaml |UI’Mi*MI)> set point generated in the micropmeessor. 

In the AtlTOMArir K\V iiuule, the pitch eont roller acts as a closed Unip juiwer 
lontnil system whu’h (sisitions the blad»* piti'h ani;b*, as i*»*(iuii*t*d. until the (unver 
output ol the wiiiil t ui bim* ma|i*hes the K\V st*t |Mnnt generated in tiu* microprivessor. 


The blade piteh anule in contn>lled In driving an elect rohydraulie servo valve 
whieh eontiulM the How of hydraulic lluid to the pitch an^ie actuator. A hydraulic 
pump unit supplies the hiitli pressurt' (IfiOU psi^) hydraulic tiuid. A stpial (ixim a 
n>tary dilfenuitial trunslormer (ZTl, lepresiMitiiiK: the actual pitch alible, is fed 
liack to the input ol the pvisition amplilier wheiv it is compared with the (H>sition 
commiuid si^ial. The (position command si^ud (I'OSl'Ml)) comes trom the micro- 
processor when the eontridler is in the IHlSITION mo«le or from the eontivl ampli- 
fier when the eontmller is in either the Al'TOMATU', UI’M or the Al'TOMATIC/KW 
eontivl mode. 

A fail-safe solenoid valvi* in tiu' h.drau’.ie su;.»ctv line ;uid aiu)ther in the return 
line are providetl to In pass the s« t\«i va!> e siruil l the eoni roller, mieix>processor 
or the servo valve itselt tail. I)e- enei in^ tin i.iil-sale solenoids will block the 
servo valve and drive the piuh actiudor to the "fi'alher" pio power) position. 

For Al'TttMATK' lll’M tontrol. a IIPM sensei ileti cts the actual rotary speed 
of the blades and feeds a si^i.il back to the inpiJt oi the control amplilier. This feed- 
back sipial IS compareil against the speed comnund set |voiiit (H PMC Ml)) is fjimer- 
ated by the microprocessor and an ein*r sipial is ealeulaied. The controller ampli- 
fier uses the eri'or sipial to eom|u>te tiie [visilion command si(;:nal that | 9 U‘S to the 
position amplifier. \Vlien the eontndler is in the sjieed eonti*ol mode, the HPM 
eom(>ensation netwoiks are switched acixiss to Ihe coniml amplilier. 

For Al'TOMATIC/KW etmtrol, a I’l'wer (kW) Sensiir feeds a si^^nal back to the 
input of the control amplilier vvheie it is summed with the kW Hi'i point sipial from 
the mieroproeessor. An error si)j;nal is deriviHl ami iistnl lo compute Ihe jxisition 
command si)^ial lor Ihe elosetl Iiv*p position conto)! system. Wlien the controller Is 
in Ihe kW control mode, Ihe kW coin)X'iisatu»n nelworks are automatically switched 
aeiwss the control amplilier. 


*1. Synchronization 

An automatic synchronizer, independent of Ihe mieroproeessor, Is provided to 
connect the wind turbine to the p<»vver line smoothly. The micnipnx’essor decides 
when lo enerjjize tin* synchronizer. The svnchi'O’ii/er compares the )H>vver line 
phase luijjle with Ihe alternator phase anjjle and closes the connect in>j circuit breakers 
when the phase anj;les are matched and steaily. .\s .sovui as synchronization is com- 
plete, a siipial IS relunud to the mieroproeessor. The micmproi'essor now directs 
the pitch eiuitiT*ller lo switch I n>m the speed contnil motle to the power control mode. 
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o. Suil'ty 

Thf HaiVtv KVHlrm In a tX>'Ntv ix> ifi*vU*o that monIforH orltloal paranu*ft*rM 
ami tnum'rs an KMKIU5KN('Y hUov’ni{M fo hIuiI ifc'wn tho wiml turNno If limit sot 
|)t>mlt« aro omohUhI. Tho safotv s' Klfin is n'>t d#'|H>mlonl on mUMx*pi\»ooHSor o|v 
oration. Wlion limits aro oxoootloil, Iho safoty systom also iU'-onori;tr.os tho fall- 
safo solonoul vahos tllrootlv. Tho saloty systom tosts for ovor-tom|H*ratiiro, loss 
of hydiMiiIlo prossuro, loss of hydraulio lluld, «»vors|vod, oxoossivo vibration and 
va\\ ormr. As a furthor aui fo saloty thoro aro fuU\ imU>|HMulont roiUindant sonsors 
Kvabxl in tho naotdio that oan »h*-ono»-^/o flu* fall-s;ifo valvos ilinuily. 

SO I TWA UK 

A simplifiod flow diai;ram of tho proy:ram usod to oontixil tho wiiul tiirblno Is 
shoun in li^^nv d. 


a. I’n*nram Orjpimzidion 

Tho pro>;ram Is or^ranizod to |u*rlorm llio following; sovon major funotlons; 

1. PIUUJUAM I’ONTUOl, piishbnti.Mis aro provldod t»> onablo tho sito oju'rator 
or Iho romolo tllspalohor t«> slaii or slop tho wiiul liirblno or to initiato :m omori;i*noy 
shutdown, Kmorp'iioy shutdown first stops tho wiiul turbino and thon halts tho mlort>- 
pr«K*ossor. 

2. UKST VUT; lids fH»rtlon of tho program tosts wind oonditions and monitors 
tho oontnd Haitis, 

d, |*OSSTAU r- In l’OSST.\u r tlu* pn'>;i-am ramps tlio blado pitoh ani^lo from 
"foathor" to "|um»*r*' in oidor to ^;i't tho rotor turning, 

I. Ul’MSTAU r. In this phaso, Iho mionipmoi'ssoi t r.insfors tho oontrollor to 
AliTOMATU' UPM oontnd at (» ipm ami ramps to 10 rpm. 

a. SYNniUOM'/.K. Tho miomptXH'ossor synolmmi/.os tho wind turbino to tho 
powor lino ami transfors fo loatl oontix*! with a 100 kW sot jx>int. 

r*. SIUTPOW'N, nu* mu iMprooossor shuts down tho wind turbino Iw ramping tho 
blailo pitih aiii:h* bai’k to "foallu'r" on position oontrol and broakin^ tho ixmnootlon 
to flu* und at /t*ixi fxiwor, 

7. iM'K. Tho hvilraulio pump unit is stoppoil, tho fall-safo solonold valvos aro dt*- 
onort;:i/o'l and all oontn>l flans aro ro- initiali/.od. 
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b. Prot;rani lX‘Hcription 

The proin*um ts placed In operation by aetuatint; the UKSKT puahbutton. The 
reset fla^ RSTFIj\Ci Is set (1), the halt flaR HLFI*Ari is cleared (0) and since the 
blade pitch angle is at "feather,” the micnoproeessor executes the SHl'TDOWN; 

!Uid OFF: portions of the program. The MFl^AG test causes the program to go to 
UKSTAHT: where the KSTF1.AG test returns It to SIIITIKIWN: . The program is 
now running and the interrupt pushbuttons an* now usable. 

Aetu:itlng the START pushbutton clears all flags Including the RSTF1.AG. 'ITils 
starts the program cycling through RKSTART; where its first task is to reset the 
watchdog timer. This Is an external timer, driven by the mlcroproeessor, that 
must be continually reset or it will trigger the safety system and deenergize the 
fail-safe solenoid valves. The program is structured so as to always cycle through 
RKSTART; hence the watchdog timer never times out unless the program hangs up 
or the microprocessor fails. 

In RESTART; the emergency shutdown flag (EFIj\G), the shutdown flag 
(SFLAG) and the dispatcher flag (I)FIAG) are tested and if SFI.AG- 1, BFLAG« 1 
or DFI.AG ■ 0, the wind turbine is shutdown. In this portion of the program a re- 
dundant wind velocity sensor, located on a nearby meteorological weather tower, is 
also tested. If the w’ind velocity as measured by this sensor is greater than 45 mph, 
the w’lnd turbine is shutdown. 

The program now tests the velocity of the wind to ascertain if conditions are such 
that the wind turbine can be started A sensor mounted on top of the wind turbine 
measures the wind velocity. If the turbine is not running (RFIAG » 0), the wind 
must be between 13 to 30 mph for a st-artup cycle to iK'gln. Once the wind turbine 
has started (RFI.AG* 1), the wind must drop below 8 m[>h for 10 seconds or increase 
above 40 mph for 10 seconds IxTore a shutdown cycle is initiated. This hysterisis and 
delay prevents excessive on/off eycling of the wind turbine w’hen wind conditions are 
marginal. 

If the. wind velocity criteria for startup are met, the hydraulic pump is started 
and the hydraulic pump pressure is monitored until the 1 500- pslg opt* rating pressure 
is reached. If operating pressure is not re:iched in 2 minutes, or if pressure is lost 
while the pump is running, ;m emergency shutdown is triggered. As soon as the hy- 
draulic pressure reaches the operating r;uige, the fall- safe solenoid valves are ener- 
gized and the b^ ide pitch angle actuator is released. 

At this point the microprocessor is commanding the controller to be in the POSI- 
TION control mode and the position command. POSCMl), is zero (feather). The 
Controller mode test branches the program to I’OSSTART;. 
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In IHiSSTAirr: the projfram starts rampin^tthe blade pitch angle away from 
"feather" toward "power." The ramp rate Is controlled b>’ an external timer 
so that It can be adjusted in the field without having to modify the software. 

As the blade angle pitches toward "power" the blades ht>gin to rotate and as 
soon as they reach 5 rpm, the controller is transferred to Al’TOMATIC/RPM 
control. The controller mode test branches to the HPMSTART; phase of the 
program. 

In the HPMSTART; portion of the program, the rpm command, RPMCMD, 
set point is slowly ramped from (> rj>m to 40 rpm, synchronous speed. The rate 
of the set txilnt ramp is controlled b\’ an external timer that can be field adjusted. 

During RPM control, a RPM error detector, located in the controller. Is 
monitored by the mlcmprocessor to assure that the actual rotational speed of the 
wind turbine is tracking the RPMCMD signal. Kxcessive RPM error will set the 
stop flag (SFI-\0) and cause a shuttlown followed by' luiother startup attempt. Re- 
pc'ated RPM erixii's will clear the dispiitcher flag (DFLAG) which will cause a 
shutdown. This shutdown will not restart until the dispatcher actuates the SUPER- 
VISOR START pushbutton to set the DFIAG. 

As soon as the rotor achieves synchronous sptx'd (40 rpm), synchronization is 
attempted. 

In the SYNCHRONIZE; portion of the program, the microprocessor energizes 
the indepentk'nt sy’nchronizer and sets a 1 minute timer. Synchronization should 
occur within 1 minute if everylhing is working properly. If synchronization Is not 
achieved, the SFlJVG is set and the w’ind turbine is shutdown to try' again. After 
three synchronization attempts the DFIAG is clmired and the wind turbine Is shut- 
down until released by the dispatcher. 

If sy-nchronization is successful the microprocessor transfers the controller to 
the Al'TOMATIC/KW mode. To assort' that the synchronization attempit is success- 
ful, the microprocessor tests that the network circuit breakers have closed and have 
remained closed for 2 seconds. After synchronization is complete, if the network 
circuit breakers open, an emergency shutdown is initiated. 

VVlien the pitch controller is in the automatic power control (Al'TOMATIC/KW) 
mode, the KW compensation networks are connected to the control amplifier. In 
the power control mode, the set point to the controller is 100 kW. If the wind ve- 
locity is low so that the wind turbine e:ui not produce 100 kW, the controller will 
drive the blade pitch angle to full "power" :uid produce as much power as available. 
As soon as the wind starts exceeding 18 mph, the control system will start to move 
the blade pitch angle back toward "feather" to maintain an output of 100 kW. 
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The pruK^rn continueM to cycle throut^ IU-2STAHT, where it monitors the 
wind and checks the shutdown lla(.s. It the wind \eU>city drt>ps off or Ix'comes 
excessively hinh, the program brunches to the SHL’TIXIWN; portion ot the pro- 
Ijram, 

In SIH’TIX)\VN. tht micioprocess<*r sets tht SFI-Atl, transfers the con- 
troller to the IXtSITION contis.I mode and starts to ramp the blade pitch anxle 
from a "pirwer" position toward •' feather. '* As s«M,n as the power output of 
the wind turbine drops to /eio the network circuit break«-r is opened to remove 
the wind turbine Irom the power line. As soon as the blade pitch anitle reaches 
"feather," the pn*Krain brant hes to OFF . 

In OFF- the mil ropr> » essor turns i>ff the hvdiauiic |.um.» unit, de-energizes 
the fail-sale sclen< iJ .uHes and vlears all Hags except I)Fl.AGand HFLAG. If 
a HFlu\G IS deteei d pr-igiam • \ecution stops. Alt* r a HALT, th*- program 
has to be r» started b\ an eperat'^r at the site. U there is n*) IIFlu\G, the pro- 
gram branches ‘jack to RKSTAKT, where wind veloi ities are monitored to de- 
termine when the wind turbine should start up again. 

Whenever the program delects an emergency flag, EFI.AG or branches to 
EMERGENCY:, the blade piich angle is driven to "feather ' directly by de- 
energizing the tail-sale solemud valves. In EMERGENCY: the halt flag. 

HFLAG, is set so that the pn»gram will HALT. 

HARDWARE 

The micrnproi ess*.'- is ronligun-d !• r e\t« nsive communication with the outside 
world. The svsti rn consists ol ihi to. lowing equipment 

(a) 16 A D Converters, 12 bits, wnlh a.i.10 volt dc input tor sensing the follow- 
ing parameters - blade rpm, wind vel<*eit\ (naceUi-), eonl roller tracking signal, 
power output, wind velocitv (meteonilogical tower> and spares. 

(b) 12 Discrete 120- V, 60- H/. inputs tor the tuHowing parameters- hydraulic 
parameters - hydraulic pressure, RPMern>r, field circuit breaker, lino circuit 
breaker, power station circuit 'jieaker, supervisory control inputs and spares. 

(c) 8 Discrete 120- V, 60- Hz, 2-amp outputs lor opeiaiing the following equip- 
ment - hydraulic ptimp unit, lail-s.ile soienuid valves, iieid contractor, synchronizer 
and spares, 

(d) 8 N, O. Relay Outputs, l«>r controller m«*de control. 

(e) 6 D/A Converters, _il0 volts, lor the following output signals - position 
command, rpm set point, 'oad sei p ml and sp:iic8. 


I 
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(0 2 BCD Indlcatorfl used to display the last Interrupt or the cause of the last 
8hutdo^%’n. 

(tO 8 Interrupts for start/stop control of the program. 

(h) 256 Bytes of HAM. 

(i) 2K Bytes of KPHOM. 

(J) 1 TTY Interface, 

(k) 8 Timers; externally adjustable from 0 to 60 seconds for establishing set 
point ramp rates. 

(l) 1 CPI’, Intel 8080, 8 Bit parallel processor. 

All system components arc Control I.okIc M Series Modules except for timers and 
relay cards. 


l»RO( IRA M I) E V E LOPM ENT 
a. Software Suppe)i*t 

The software proKramminK of the microprocessor was simplified by the use of 
the high level Intel ProgtamminR I^anKuaKC for Microprocessors, PL/M. A PL/M 
compiler is available on the Lewis Research Center - IBM 360 central computer. 

The compiled program can be stored on cither paper tape or EF^ROM, During the 
early phase of software debugging, paper tape was used to load the program in RAM. 
The program could then be easily modified by using the Control Logic Inc., Octal 
Debugging Technique (ODT) program to make changes via a teletype terminal. When 
the program was completely debugged, it was transferred to EPROM for actual op- 
eration of the wind turbine. 

The l^L/M compiler supplies a printout of the program in both assembly language 
and machine language. The printout is keyed to the original PL/M statements. This 
information is extremely useful for making small program changes. 

b. I/O Simulator 

Another aid to program development and checkout was the use of a hardware I/O 
simulator. A special simulator chassis was designed to emulate every input required 
by the microprocessor and display every output generated by the program. The sim- 
ulator contained ei;^t 10 volt potentiometers for supplying the analog signals to the 
A/D converters, 8 function switches for applying 120 V, 60 Hz to the discrete inputs, 

8 lif^ts for displaying the discrete outputs, 8 lights for displaying the relay outputs 
and four digital voltmeters for displaying the output of the D/A converters. 
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O PK H A TION A L K X PK H IK NC K 

a. Checkout 

Karly program debuKKinK perfoi tncd with the micropruceHaui connected to 
the I/O Simulator. The simulator allowed exercisinK every portion of the program. 

When the microprocessor was installed at the wind turbine site, the simulator 
was especially useful lor lestlnK those conditions that are normally uncontrollable, 
for example, low or hlKl> wind conditions could be simulated and the wind turbine 
forced to shutdown even when the wind velocity was In ranite. PsInK this technique 
all the wind turbine functions could be tested. The simulator was a icri-'nl help In 
placinK the wind turbine in operation. 

Most of the early circuit problems were noise related. Some of the communi- 
cation lines to the microprocessor are quite lonK and are in close proximity to 
power lines that carry a larne current. The microprocessor responded too quickly 
to false signal caused by pickup or contact bounce. Most of the problems were alU*- 
viatc>d by judicious placement of fillets or by proKramminK techniques that allowed 
transients to settle Ix'lore the microprocessor decides on the response. 

b. Flexibility 

The flexibility of the microprocessor in developinR the operational strategy for 
controllinK a wind turbine was perhaps the most siipiilieant advantaKC of usini; a 
mlcniprcKessor. In the early design phase of the project the wind turbine was oper- 
ated In many diilereni m<>des. manual control, without a microprocessor ^ as a 
speed controlled machine leedinK a load bank; and finally as a synchronous machine 
connected to both larKc' and small jiower networks. By simply modifying the software 
It was jK)88ible to accommodate all these operatmK modes. The original desij^ con- 
cept of providing a system heavy in I/O equipment pnived valid. All the information 
that the microprocessor might need in order to control a wind turbine was wired to the 
microprocessor. Every output that an opt*rator might have to manipulate was also 
connected to the mici\>processor. The wind turbine ctuild now be controlled in any way 
desired by simply reprogramming. If hard wired analog circuitry’ had been used 
every operating mode would have required different equipment and every control 
strategy change would ha\e required circuit modifications, system reu-irtng and re- 
testing. 

The following example shows how the flexibility of the microprocessor, helped 
solve problems that develop! d in the field. The original concept was to start the 
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wind turbine at a wind velocity of 13 mph and btop it at 8 mph. It was found by ex- 
pt'nence that at tlniea the wind velocity tended to oaclllate continually over thla 
ran|{e cauainK exceaalve btan/atop cycles of the wind turbine. To solve the prob- 
lem various filters were applied to the wind velocity sltpial. It was not possible to 
find filters w'th time constants U>nn enouKh tt» prevent excessive start/stop cycles 
and short enounh to be sufficient l> responsive for control. The solution was to 
proKram the microprocessor to test if the hinh or low* winds has persisted for 10 sec- 
onds before deciding to shut(k>wii, A relatively li({htly- filtered signal was used for 
control. This approach was easily Implemented and proved successful, resulting 
In Improved performance. 


c. itellability 

The mlcn*proces8or was found to Ik* extremely reliable and consistent. Once 
a program change w'as made and its jH*rformance tested, the microprocessor could 
be depended upon to perform in e xactly the same manner repeatedly. The machine 
language generated by PL/M always performed the Job as expected, without any 
surprises. The logistics ol writing, compiling, entering, debugging and running 
programs was not burdensome. 

d. Program Mexilfications 

The design of the pro^jram made ch.inges easy to implement. The program was 
constructed as a continuous loop, always cycling Ixick to UESTAKT, The program 
cycles asynchronously, that is, at its own speed without lieing keyed to a clock. As 
a result of this, software tasks can be lengtlioTuxl or shortened without Interferring 
with the scheduled start time ol other tasks. It was therefore easy to add new tasks 
by simply inserting them at the appropriate j>olnt In the program. All other jobs 
would just move back automatically and the programmer did not have to concern 
himself with any timing problem. The longest path task took loss than 6 milliseconds, 
far shorter than any critical time response required by the wind turbine. 

e. Cost 

The cost of the microprocessor system in relation to the entire project was in- 
significant. An equivalent hardwired analog circuit containing all the functions 
required would have been much more expensive and implementing changes would 
have been time consuming. 
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FITI RK APPLICATIONS 

Since the microprocesiior hoii proved bo reliable, flexible and inexpensive 
it is now bt'lnK considered to take over the duties of other analog controllers on 
the site. The functions of the yaw controller cun Ik> easily incorporated into the 
microprocessor and will be implemented in the near future. 

The functions of the blade pitch angle controller could also be incorporated but 
since controller response Is critical in this system, greater care would have to 
be exercised to assure that the pitch control task maintained the highest priority. 
Another approach would be a second microprocessor dedicated to pitch angle con- 
trol. The tradeoffs are now being weigh«*d. 

Currently, larger (1800 kW) wind turbines arc in design and the approach being 
used Is similar to these smaller machines. The concept of using a computer for 
controlling all the startup and shutdown functions and a separate analog blade pitch 
angle controller has been retained. The yaw contml fiuictions are being assigned 
to the computer. 

These large machines are presently dcsignt'd around minicomputers rather than 
microprocessors. Minicomputers were selected because of their extensive software 
development •’.i.'riort systems. These softw-are development systems were considered 
necessary } r ^gramming and testing at wind turbines in remote locations. It is 
felt that Mhen designs are finalized and proven, the mass produced versions of these 
wind turbines will turn to microprocessors because of their lower cost. Once the 
programs are developed and proven there will be no further need for the additional 
software support facilities on site. 

CONOU'SIONS 

The microprocessor has proved itseli to lx- dependable, easy to program, re- 
sponsive to the changing needs of the project, ine.xpensive and equal to the task It 
had to perform. If the job had to lx* done again the same approach w-ould be used. 
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Figure 2, - Blade Pitch Angle Control System. 
















Figure 3. - Microprocessor Flow Diagram, 



J •«*•»**• 


1 


*• 

. *^u.- 







